Pure hydroxyapatite and cobalt-containing calcium orthophosphate ceramics were synthesized by the sol-gel method and their properties were analyzed by Fourier transform infrared spectroscopy, X-ray diffraction, dielectric impedance spectroscopy and scanning electron microscopy techniques. The average crystallite size of the samples was found to be 30 nm -56 nm. The crystallinity decreased gradually with the addition of Co. The resistance values were found to be ~10 12 Ω. Dielectric permittivity and alternating current conductivity of all the samples showed substantial changes in the presence of cobalt. The morphology and particle size distribution of all the samples were changed with increasing amount of Co. In addition, the high content of Co ions was found to both destroy the apatitic structure of the hydroxyapatite and cause the calcium deficiency. The results indicated that, in presence of high amounts of Co, Ca9.5Co(PO4)7 ceramics could be prepared.
INTRODUCTION *
Ceramics have been widely used in medicine for many years, due to highly desirable characteristics, such as biocompatibility, non-toxicity and chemical stability [1 -3] . Among the available ceramic materials, hydroxyapatite (HAP, Ca10(PO4)6(OH)2) and other calcium orthophosphates have a special importance for medicine due to their chemical and structural similarities with the inorganic part of bones and teeth of mammals [4, 5] . Therefore, a number of techniques, such as sol-gel method [6] , solid-state reaction [7] , hydrothermal synthesis [8] and chemical coprecipitation [9] have been used for the synthesis of HAP. Among these techniques, sol-gel method is extremely preferred because of its advantages (e. g., inexpensive precursors, high product purity and low synthesis temperature) [10, 11] .
Cobalt (Co) and its alloys have been extremely used in biotechnology due to the useful mechanical properties [12, 13] . So far, only a few studies have been reported on using of Co as a dopant in HAP structure [14 -20] . The authors of those studies used small amounts of Co and preserved the HAP structure. In the present study, we decided to increase the amount of Co and prepared cobaltcontaining calcium orthophosphates with various atomic percentages of Co (10, 20, 25, 30 and 40 at.%) and investigated their chemical, electrical, dielectric and microstructural properties. Co, 30 % Co and 40 % Co, respectively. Both Ca/P and (Ca + Co)/P molar ratios were adjusted to 1.67 for preparation of HAP and Co-containing calcium orthophosphate samples, respectively. The nominal quantities of the precursors were dissolved in anhydrous ethanol (C2H5OH, Sigma-Aldrich) and the solutions were stirred using a magnetic stirrer at room temperature for 30 min. Then, the solutions were mixed under vigorous stirring using a vortex mixer and the prepared mixtures kept stirring for 10 min. Afterwards, the mixtures were heated in a hot-water bath at 60 °C for 2 h. The obtained gels were dried in an oven at 120 °C during 15 h and the dry powders were calcined in a furnace at 900 °C for 1 h.
Characterization methods
FTIR spectra of the samples were performed on a Perkin Elmer spectrophotometer in the frequency interval of 400 cm -1 -4000 cm -1 using the KBr pellet. X-ray diffractometer (XRD, Bruker D8 Advance, CuKα) was used for phase identification and to analyze the crystal structures of the samples. The measurements were performed in the range of 15° -70° with a step of 0.02° s -1 . The average crystallite size (D) for the ceramic samples was determined by the following Debye-Scherrer equation [21] θ β λ cos
where λ is the wavelength for CuKα radiation) of the X-ray, β is the full width at half maximum (FWHM) of X-ray reflection in radian, θ is the Bragg's diffraction angle in degree. 
RESULTS AND DISCUSSION

Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of the ceramic samples show the characteristic bands of hydroxyl and phosphate groups (Fig. 2) . The observed bands at about 555 -602, 960, 1047 and 1100 cm -1 are related to the phosphate group [22] . The libration band at 631 cm -1 for HAP and at 635 cm -1 for 40 %Co and the characteristic stretching band at 3641 cm -1 for all the samples were observed from FTIR spectra. For only HAP, another band belonging to the stretching mode of the hydroxyl group was also detected at 3571 cm -1 . The broad band at 3300 cm -1 -3600 cm -1 , as well as the narrow band at 1635 cm -1 , corresponds to the adsorbed water [23] . Three weak bands belonging to the carbonate group were observed only for the Co-free sample. First band at 872 cm -1 corresponds to bending mode of the carbonate group. The other two bands at 1421 cm -1 and 1467 cm -1 are ascribed to stretching modes of the carbonate group in B-and A-type, respectively [24] . As seen in Fig. 3 , the ceramics are the polycrystalline materials. The calculated values of D and crystallinity (XC) for all the samples are given in Table 1 . For HAP sample, these values are in quite good agreement with the values obtained by Fathi et al. [24] . All the samples are formed from nanoparticles ranging from 30 nm to 56 nm. The crystallinity degree (XC) of the ceramics was calculated from the ratio of the area under crystalline peaks to the total area under crystalline and amorphous peaks. As seen in Fig. 4 and Table 1 , the presence of Co 2+ ion, ranging from 10 at.% to 40 at.%, in HAP structure induces a significant decrease in the crystallinity from 0.56 to 0.29, which is in good agreement with Ignjatović et al. [19] . The crystallinity of the Co-containing samples is much lower than that of HAP (0.84). This indicates that the structure of the HAP was transformed to a new structure with high cobalt contents. The lattice parameters of the ceramic samples were calculated using the following equations (2) and (3), belonging to hexagonal and rhombohedral crystal systems respectively [25] 
where d is the distance for two adjacent plane, a and c are the lattice parameters, h, k and l are the Miller indices, and α is the lattice angle for rhombohedral structure.
The calculated values of the lattice parameters for all the samples are given in Table 2 . The lattice parameters of Co including samples show a tremendous increase with respect to the HAP. This confirms that the HAP structure was destroyed in all over of the studied composition area (10 % -40 % Co). The formation of a new calcium cobalt phosphate phase identified as Ca9.5Co(PO4)7 (JCPDS, Pdf Number: 89-5586) is observed. The addition of Co in high rates causes to crystal structure transformation from hexagonal to rhombohedral. 
Electrical and dielectric properties
Figs. 5, 6, 7 and 8 show the impedance (Z), alternating current conductivity (σac), logσac vs. logω curve and dielectric permittivity (ε') values of all the samples as a function of frequency. As can be seen in Fig. 5 , with increasing the frequency, impedance values of the samples dramatically decreased from ~70 MΩ to ~2 kΩ. Moreover, the impedance values of the Co-doped samples are higher than that of HAP. 
where σdc is the direct current conductivity, B is a constant, ω is the angular frequency and s is an exponent. The s values were calculated from the slope of logσ vs. logω graph (Fig. 7) . These values are about equal to 1 for all samples. This can be explained as follows: the resistance values of all samples are about 10 12 Ω, and they exhibit the insulator behavior. Since there is no measurable direct current conductivity (σdc) of all ceramic samples, the s value is close to 1 [27] . This result indicates that the hopping motion involves a translational motion with a sudden hopping [28] . The values of dielectric permittivity (ε') were evaluated from
where C and t are the capacitance and thickness of the sample, ε0 is the permittivity of the vacuum and A is the area of cross-section of the sample [29] . Although the values of dielectric permittivity (ε') for all the samples are almost constant until 10 kHz, ε' shows an increase at the higher frequencies than this value ( Fig. 8 and Table 3 ). For 1 kHz frequency, the dielectric permittivity of HAP was found to be 6.75 and this value is in agreement with the reported dielectric permittivity values in the literature [18, 30 -32] . The ε' values of all samples at 1 kHz frequency were found to be 7.39, 9.28, 9.77, 8.84 and 7.77 for 10 % Co, 20 % Co, 25 % Co, 30 % Co and 40 % Co, respectively. While the ε' values are decreased significantly with the increase of the frequency for Zn doped HAP based ceramics [29] , the fluctuations are seen with the increasing frequency for Mg doped HAP based ceramics [33] , whereas in this study, the dielectric permittivity values of Co-doped HAP based calcium orthophosphates increases with the increasing frequency. Our results show that the dielectric properties of the cobaltcontaining calcium orthophosphate ceramics may be controlled by Co content. The ε' values of the Co including ceramic samples are higher than the HAP sample. This behavior may be resulted from the presence of the rhombohedral phase in ceramics. Fig. 9 shows the morphologies of the as-prepared samples at the magnification of 5000×. With the addition of Co, the microstructure and particle size distribution are changed. The morphology and crystal structure are affected by the increasing amount of Co, which are in good agreement with Ignjatović et al. [24] . Without any impurity, Ca, Co, O and P are detected from the energy dispersive X-ray (EDX) analysis and these results are given in Table 4 . The Ca/P molar ratio of the HAP is found to be 1.65, and this ratio is so close to that of the 1.67 value belonging to the stoichiometric hydroxyapatite [4, 5] . The (Ca + Co)/P molar values are also found to be 2.02, 1.61, 1.64, 1.50 and 1.98 for 10 % Co, 20 % Co, 25 % Co, 30 % Co and 40 % Co, respectively. The (Ca + Co)/P ratio is changed with the addition of Co, and except for 20 % Co and 25 % Co, this ratio is different than the expected value for all the Cocontaining samples. Co substitution and Ca-deficiency are gradually increased with the amount of Co. Additionally, the Co/(Ca + Co) molar values are also found to be 0.18, 0.39, 0.58, 0.64 and 0.84 for 10 % Co, 20 % Co, 25 % Co, 30 % Co and 40 % Co, respectively. This is an expected result and supports that Co incorporation in the apatitic structure increases with the addition of Co. Since Co 2+ ions have a smaller ionic radius (0.074 nm) than those of Ca 2+ ions (0.099 nm), Co 2+ ions can be substituted with Ca 2+ ions [34] . Fig. 9 . SEM images of the as-synthesized ceramic samples at 5000× magnification
Scanning electron microscope observations of microstructures
CONCLUSIONS
The cobalt-containing calcium orthophosphate ceramics with various atomic percentages of Co (10, 20, 25, 30 and 40 at.%) were prepared. The crystallinity degree of Co-containing ceramics was found to decrease with increasing molar ratio of Co. Since the resistance values of all samples were about 10 12 Ω, they exhibited the insulator behavior. With the increasing frequency, while the impedance values were decreased, the alternating current conductivities were increased. In comparison to HAP, the addition of Co at the high molar ratios affected the dielectric properties of the ceramic samples, and these properties could be controlled by Co content. The microstructure and particle size distribution were changed with the addition of Co. The high content of Co ions destroyed the apatitic structure of the HAP and caused the calcium deficiency. The obtained results indicated that in presence of high amounts of Co, Ca9.5Co(PO4)7 ceramics might be prepared.
